REVIEW
Introduction
The human fungal pathogen Candida albicans is found in a wide range of niches. In healthy individuals it is commonly found as a commensal organism on the skin and mucosa. However, under certain conditions it is capable of causing severe infections of the oral mucosa or life-threatening systemic infections (Kullberg and Arendrup, 2015) . Changes in medical care are increasing the pool of susceptible patients (Pfaller and Diekema, 2010; Brown et al., 2012; Kullberg and Arendrup, 2015) . For example, prophylactic use of anti-bacterial antibiotics allows the endogenous commensal forms of C. albicans to overgrow and disseminate. Similarly, increased use of indwelling medical devices, such as catheters, provides sites for biofilm formation that can release a large inoculum of C. albicans into the host. Surgical procedures and catheterization facilitate infection by enabling C. albicans to cross the skin or mucosal barriers. Patients with a compromised immune system are at much greater risk of developing a severe infection. Current therapeutic strategies have limited effectiveness once a severe infection has developed and drug resistant strains are emerging (Cowen et al., 2015) . Thus, more research is needed to define the mechanisms of C. albicans pathogenesis. The pathogenic effects of C. albicans are caused by its ability to grow in the host and disseminate to internal organs. The plasma membrane plays critical roles in promoting virulence because this essential barrier mediates secretion of virulence factors, endocytosis, cell wall synthesis and invasive hyphal morphogenesis. Proteins in the plasma membrane also mediate nutrient transport and sense pH, osmolarity, nutrients, and other factors in the extracellular environment. The critical role of the plasma membrane in virulence is highlighted by the fact that it is the target of the most widely used antifungal drugs. Amphotericin binds ergosterol and forms pores in the plasma membrane, azoles inhibit ergosterol production, and echinocandins block the β-glucan synthase that forms the major component of the cell wall (Odds et al., 2003; Kullberg and Arendrup, 2015) . The plasma membrane also contains proteins that can confer resistance to fluconazole and other drugs by pumping them out of the cell (Cowen et al., 2015) . Complement and some antimicrobial peptides are also likely to act on the plasma membrane.
Consistent with its complex function, the plasma membrane is composed of a diverse array of proteins and lipids (Martin and Arkowitz, 2014; Schuberth and Wedlich-Soldner, 2015) . These constituents are organized into specialized domains that are thought to coordinate different plasma membrane functions (van Meer et al., 2008; Malinsky et al., 2010) . The definition of what defines a plasma membrane domain is not that restrictive, as it could be anything from a small transient cluster of lipids or proteins, to a structure as large as a yeast bud (Zółkowska et al., 2012) . Some domains, such as lipid rafts, are controversial because they are too small to be readily observed, may exist only transiently, and are difficult to purify (Munro, 2003) . Therefore, this review will primarily focus on six different domains that were selected because they carry out functions that are critical for virulence and because they are protein-organized domains that are stable Larger arrows point to regions where the mid-section of the cell is in focus, in which MCC/eisosomes appear as a series of patches around the perimeter of the cell. (B) Model for MCC/eisosome structure. Note that only a representative set of the >30 proteins that localize to MCC/eisosomes is shown.
enough and large enough to be detected by electron or fluorescence microscopy. The first section will describe a set of three domains that are thought to act as barriers to diffusion or scaffolds that organize the plasma membrane (MCC/eisosomes, septins, and sites of contact between the plasma membrane and the endoplasmic reticulum). The next section will describe three examples of dynamic domains, including zones of secretion, endocytosis, and the fast-growing zone at hyphal tips. Another section will describe emerging data on other types of domains and clusters of proteins that indicate further levels of organization in the plasma membrane. A longer description of newer domains, such as MCC/eisosomes, will be presented, whereas shorter summaries will be presented for other zones in the plasma membrane that are better known.
Barriers and scaffolds in the plasma membrane: MCC/eisosomes, septins, and sites of ER contact
Membrane domains that act as barriers to diffusion or scaffolds to recruit specific proteins play key roles in defining the architecture of the plasma membrane. Three domains that have these properties will be described in this section: eisosomes, septins, and sites of ER contact. In addition to these domains, it is likely that the cell wall also helps to form barriers in the fungal plasma membrane. Many proteins that are crosslinked into the cell wall have a transmembrane domain or GPI anchor that can create a barrier to diffusion (Klis et al., 2010) .
MCC/Eisosome domains -stable islands in the plasma membrane
Recent studies with Saccharomyces cerevisiae have indicated that fungal plasma membranes are composed of two types of domains. One major domain has been termed the Membrane Compartment of Pma1 (MCP), the plasma membrane ATPase. This domain includes proteins that diffuse in the plasma membrane and dynamic regions that mediate secretion and endocytosis. Another domain has been called the Membrane Compartment of Can1 (MCC) because it contains the arginine transporter Can1 (Grossmann et al., 2007; Malinsky et al., 2010; Murphy and Kim, 2012; Olivera-Couto and Aguilar, 2012; Douglas and Konopka, 2014) . The MCC domains are distinctive because they are comprised of about 50 punctate patches that are very stable in the plasma membrane (Fig. 1A) . Initial studies showed that the resident proteins, such as Sur7 and Can 1, did not colocalize with actin patches or sites of endocytosis (Young et al., 2002; Malinska et al., 2003 Malinska et al., , 2004 Malinsky et al., 2010) . Other proteins discovered in the MCC include the uracil and tryptophan nutrient symporters (Grossmann et al., 2007; Frohlich et al., 2009; Brach et al., 2011) , and two different families of tetraspan proteins that are predicted to have four transmembrane domains (Alvarez et al., 2008; Grossmann et al., 2008; Frohlich et al., 2009) . One family of tetraspanners includes Sur7 and its paralogs Fmp45, Pun1, and Ynl194c. The other family includes Nce102 and Fhn1. Subsequent studies revealed that the peripheral membrane proteins Pil1 and Lsp1 form a complex on the cytoplasmic side of the MCC (Walther et al., 2006) . This cluster of peripheral membrane proteins was termed the eisosome, a fusion of the Greek "eis", meaning into or portal, and "soma", meaning body, as they were initially thought to correspond to sites of endocytosis (Walther et al., 2006) . The MCC and eisosome are connected parts of the same overall structure, as is diagrammed in Fig. 1B . At least 17 proteins appear to localize to eisosomes (Ho et al., 2002; Grossmann et al., 2008; Yu et al., 2008; Deng et al., 2009; Frohlich et al., 2009; Aguilar et al., 2010) , a subset of which is shown in Fig. 1B . Pil1 and its paralog Lsp1 are the most abundant proteins in eisosomes, and will be described in more detail below, as they promote MCC/eisosome formation by forming filaments and binding membranes through their BAR (Bin/Amphiphysin/Rvs) domains . MCC/eisosomes correspond to furrows in the plasma membrane: High-resolution electron microscopy of freeze-etched S. cerevisiae cells demonstrated that MCC/eisosomes correspond to invaginations in the plasma membrane (Stradalova et al., 2009) . The invaginations form furrows that are about 50 nm deep and 200 to 300 nm long. This was an important advance in the study of plasma membrane domains, as it linked the MCC/eisosomes to furrows in the yeast plasma membrane that were discovered in the early 1960s (Moor and Muhlethaler, 1963) . Although the existence of furrows had been known for a long time, their significance was unclear other than that they were distinct from the finger-like projections that form during endocytosis (Moor and Muhlethaler, 1963; Gross et al., 1978; Takeo, 1984; Barug and de Groot, 1985; Mulholland et al., 1994; Buser and Drubin, 2013) . A recent study showed that membrane furrows can be found in a wide range of organisms with cell walls, including fungi, algae, and lichens, although the size and shape can be quite variable in these different organisms (Lee et al., 2015) .
Formation of MCC/eisosomes and the associated furrows in S. cerevisiae requires the Pil1 protein (Walther et al., 2006; Grossmann et al., 2008; Aguilar et al., 2010; Loibl et al., 2010) . Lsp1 is 70% identical and also contributes, but cannot function on its own, most likely because it binds less efficiently to the plasma membrane (Walther et al., 2006; Olivera-Couto et al., 2011) . Determination of the high-resolution structure of Lsp1 provided another major breakthrough by showing that Pil1 and Lsp1 are related to BAR domain proteins that bind membranes and promote curvature (McLaughlin, 2004; Olivera-Couto et al., 2011; Zimmerberg and Ziolkowska et al., 2011) . The ability of Pil1 and Lsp1 to assemble into long filaments, led to a landmark study that proposed a "half-pipe" model for eisosomes formation in which filaments of Pil1 and Lsp1 align their BAR domains to curve the plasma membrane and form furrows . Regulation of MCC/eisosome formation: The spatial location of MCC/eisosomes is regulated because their formation is restricted to growing buds and does not occur in mother cells under normal conditions (Young et al., 2002; Moreira et al., 2009 ). Eisosomes are not present at the tips of emerging buds, in part because the expression of PIL1 is cell cycle regulated and because it takes time for eisosomes to assemble . The binding of Pil1 to the plasma membrane appears to be the limiting step in eisosome formation. Seg1 promotes eisosome formation by recruiting Pil1 to the plasma membrane (Moreira et al., 2012) . Additional proteins needed for MCC/eisosome formation or stability include the MCC protein Nce102 and the eisosome proteins Slm1/2 (Frohlich et al., 2009) . These and other proteins that influence eisosome formation are thought to mediate their effect by regulating the synthesis of lipids, especially sphingolipids and ergosterol (Grossmann et al., 2008; Frohlich et al., 2009; Stradalova et al., 2009; Aguilar et al., 2010) . Although the MCC/eisosome patches appear to be distributed in a random pattern in the plasma membrane, they do not overlap, suggesting there is a mechanism that allows eisosomes to sense the presence of a neighbor .
Interestingly, MCC/eisosomes do not diffuse in the plasma membrane (Young et al., 2002; Malinska et al., 2003; Walther et al., 2006) . This stability does not appear to be due to a direct connection to the cell wall, actin filaments, or microtubules (Malinska et al., 2004) . Perhaps the immobility of MCC/eisosomes is due to the formation of furrows at these sites combined with the attachment to the plasma membrane of stable filaments comprised of thousands of copies of Pil1 and Lsp1. BAR domain proteins have been shown to promote formation of stable lipid domains by "freezing" phosphoinositides, suggesting Pil1 and Lsp1 could do the same (Zhao et al., 2013) . Other MCC/eisosome proteins do not show such high stability, as Nce102 and Slm1/2 move in and out of these domains in response to sphingolipid levels (Frohlich et al., 2009 ). Can1 and the other nutrient transporters can also move in and out of these domains (Grossmann et al., 2007; Frohlich et al., 2009; Brach et al., 2011) . Pil1 and Lsp1 are phosphorylated in vivo by a pair of redundant protein kinases Pkh1 and Pkh2, that localize to eisosomes (Zhang et al., 2004; Walther et al., 2007) , but the role of this modification on eisosome assembly/disassembly
is not yet clear (Walther et al., 2007; Luo et al., 2008; Deng et al., 2009; Mascaraque et al., 2013) . The conclusion that Pil1 phosphorylation promotes eisosome disassembly was based on mutating sites that reside on the predicted membrane-binding surface of Pil1 (Ser45 Ser59 Ser230 Thr233), where the negatively charged phosphate groups would be expected to interfere with membrane association and prevent eisosome formation (Walther et al., 2007; Frohlich et al., 2009; Zółkowska et al., 2011) . The opposite conclusion that phosphorylation promotes eisosome assembly was based on mutating residues that face away from the plasma membrane (Ser6 Thr27 Ser59 Thr233 Ser273 Ser299), and could therefore be involved in promoting or stabilizing filament formation (Luo et al., 2008; Zółkowska et al., 2011) . However, different interpretations have also been made concerning the effects of mutating just residues Ser230 Thr233 (Deng et al., 2009; Mascaraque et al., 2013) , suggesting that the mutant strains may also be sensitive to growth conditions or other factors. The Slt2 MAP kinase has also been implicated in phosphorylating Pil1 on Ser230 and Thr233, indicating that other kinases contribute to MCC/eisosome regulation (Mascaraque et al., 2013) . MCC/eisosome functions in S. cerevisiae: Mutations affecting S. cerevisiae MCC/eisosome proteins can cause broad defects in plasma membrane organization, endocytosis, and the cell wall (Douglas and Konopka, 2014) . Eisosomes were initially proposed to act as stable sites of endocytosis (Walther et al., 2006) , but other studies failed to detect endocytosis at these sites (Young et al., 2002; Walther et al., 2006; Vangelatos et al., 2010; Kabeche et al., 2011; Reijnst et al., 2011; Seger et al., 2011) . However, eisosomes may play an indirect role in endocytosis because they influence lipid homeostasis as described further below . On the other hand, because of their stability in the plasma membrane, MCC/eisosomes have been proposed to act as protected islands that prevent plasma membrane proteins from endocytosis (Grossmann et al., 2008) . Although it is controversial whether Can1-GFP is stabilized by association with eisosomes (Grossmann et al., 2008; Brach et al., 2011) , it is likely that proteins stably associated with MCC/eisosomes are protected from endocytosis. For example, Sur7 is one of the most stable proteins in the cell (Thayer et al., 2014) . MCC/eisosomes have been implicated in regulating the homeostasis of different kinds of lipids. In one proposed mechanism, the MCC protein Nce102 and the eisosome proteins Slm1/2 regulate sphingolipid homeostasis (Frohlich et al., 2009) . Membrane stress, including decreased sphingolipids or membrane stretching, causes Slm1/2 to move out of the eisosomes and associate with TORC2 (Kamble et al., 2011; Berchtold et al., 2012) . The Slm1/2 proteins then recruit Ypk1 to the plasma membrane, it is phosphorylated by TORC2, and then Ypk1 phosphorylates the Orm1/2 proteins to prevent them from negatively regulating the Lcb1/2 enzymes that initiate sphingolipid synthesis (Breslow et al., 2010; Han et al., 2010; Roelants et al., 2011; Sun et al., 2012) . A fuller description of sphingolipid homeostasis is beyond the scope of this review, but can be found in other recent publications Epstein and Riezman, 2013) . Eisosomes have also been shown to be important for regulation of phosphatidylinositol 4,5-bisphosphate (PI4,5P2) (Frohlich et al., 2014; Kabeche et al., 2014) . S. cerevisiae eisosomes recruit the phosphatases Inp51 and Inp52 to the plasma membrane, thereby promoting conversion of PI4,5P2 to PI4P Frohlich et al., 2014) . Roles of MCC/eisosomes in C. albicans virulence: MCC/eisosomes in C. albicans are similar to those in S. cerevisiae, as GFP-tagged versions of Sur7, Fmp45, Lsp1, Pil1, Slm2, and Seg1 all localize to stable punctate patches in the plasma membrane (Alvarez et al., 2008; Bernardo and Lee, 2010; Reijnst et al., 2011; Wang et al., 2011; unpublished data) . However, there are interesting differences, such as the fact that the MCC protein Sur7 plays a more important role in C. albicans than in S. cerevisiae (Alvarez et al., 2008) . Another MCC protein, Nce102, also has distinctive properties in C. albicans . In addition, studies in C. albicans have shown that members of the flavodoxin-like protein (FLP) family of quinone reductases localize to eisosomes and are important for resistance to oxidative stress . The function of Sur7, Nce102, and FLP quinone reductases in C. albicans will be described below, with an emphasis on their roles in virulence.
C. albicans sur7Δ mutants have strong morphogenesis defects, including abnormal hyphae, wider buds, and they frequently fail to complete cytokinesis (Alvarez et al., 2008) . One distinctive defect is that sur7Δ mutants contain deep invaginations of cell wall growth (Alvarez et al., 2008) that are more extreme than the cell wall invaginations that are observed in an S. cerevisiae pil1Δ mutant (Walther et al., 2006) . Electron microscopy of sur7Δ mutant cells showed that these invaginations are typically in the form of long tubes (Alvarez et al., 2008) . This is interesting as it suggests that the cell wall invaginations are linked to abnormal regulation of PI4,5P2. Similar types of tubular cell wall invaginations were observed in a C. albicans inp51Δ mutant, which lacks a PI 5 -specific PI 4,5 P 2 phosphatase (Badrane et al., 2012) . Consistent with the morphogenesis defects, actin and septin proteins were mislocalized in the sur7Δ cells (Alvarez et al., 2008) . Actin patches were readily detected in the mother cell and were not restricted to the growing buds as expected. In addition, septins were not restricted to the bud neck and were instead found to be present at other sites, often forming small ectopic rings . Abnormal septin localization could contribute to the altered cell wall synthesis, as the septins recruit cell wall synthesis machinery to the bud neck during septation (Bridges and Gladfelter, 2015) . This possibility is supported by the fact that some S. cerevisiae septin mutants form abnormal cell wall invaginations (Roh et al., 2002; Schmidt et al., 2003) . Although the sur7Δ mutant appeared to form thicker cell walls than the wild type control cells, the cell walls were apparently weaker as indicated by increased sensitivity to Calcofluor White and other factors that exacerbate cell wall defects (Alvarez et al., 2008; Bernardo and Lee, 2010; Wang et al., 2011) . Analysis of the composition of the cell wall in the sur7Δ mutant suggested that this defect was due in part to decreased levels of β-glucan, a major component of the cell wall that is important for cell wall rigidity (Wang et al., 2011) . Sur7 presumably influences β-glucan synthesis indirectly, since the β-1,3-glucan synthase enzyme is mobile and often associated with cortical actin patches rather than eisosomes (Drgonova et al., 1996; Qadota et al., 1996; Utsugi et al., 2002) . The sur7Δ mutant showed a strong virulence defect in a mouse model of systemic C. albicans infection (Douglas et al., 2012) . One underlying reason is that sur7Δ cells are defective in forming hyphal filaments that promote invasive growth into tissues in vivo and biofilm formation (Alvarez et al., 2008; Bernardo and Lee, 2010; Wang et al., 2011; Douglas et al., 2012) . The sur7Δ mutant cells are also more sensitive to a variety of stresses, including growth at high temperature and exposure to copper. Remarkably, the sur7Δ cells are ~2,000-fold more sensitive to copper, which appears to contribute to the poor growth of the mutant cells in macrophages (Douglas et al., 2012) . These virulence defects highlight the potential significance of MCC/eisosomes as novel drug targets. Nce102 localization and function is somewhat different in C. albicans than in S. cerevisiae, as C. albicans Nce102 was only partially enriched in MCC/eisosomes during log phase growth and became tightly localized to MCC/eisosomes only in older stationary phase cultures . A unique phenotype of the nce102Δ mutant is that it failed to undergo invasive hyphal growth into low concentrations of agar, but invaded well into higher concentrations of agar. This was surprising, since mutants studied previously typically showed greater difficulty invading into a denser agar matrix (Warenda and Konopka, 2002) . This suggests that the nce102Δ cells received a second signal from the denser agar matrix that enabled them to undergo invasive hyphal growth. This unique invasive growth defect of nce102Δ cells appears to be due to a partial defect in actin organization . Consistent with these defects, the nce102Δ mutant was less virulent in mice . A family of quinone reductases that localize to eisosomes in C. albicans was also discovered to be important for virulence . Pst1, Pst2, Pst3, and Ycp4 belong to the Flavodoxin-Like Protein (FLP) family of quinone reductases that have been shown in bacteria and plants to act as NAD(P)H quinone oxidoreductases (Carey et al., 2007) . Consistent with this, a C. albicans quadruple mutant lacking all four genes (pst1Δ pst2Δ pst3Δ ycp4Δ) was more sensitive to benzoquinone. Surprisingly, this quadruple mutant was also more sensitive to H2O2 and a variety of other oxidants including linolenic acid, a polyunsaturated fatty acid that can auto-oxidize and promote lipid peroxidation . These results suggested that FLPs reduce ubiquinone (coenzyme Q), enabling it to serve as an antioxidant in the plasma membrane. In agreement with this, a C. albicans coq3Δ mutant that fails to synthesize ubiquinone was also highly sensitive to oxidative stress. It is not clear why the FLPs localize to eisosomes, but their presence suggests that these domains may be preferentially exposed to oxidative stress. FLPs are critical for survival in the host, as the quadruple mutant was avirulent in a mouse model of systemic candidiasis under conditions where infection with wild type C. albicans was lethal . These studies demonstrate that FLPs and ubiquinone represent important new antioxidant mechanisms that are critical for virulence. 
Septins act as barriers and scaffolds at sites of cytokinesis
Septin proteins were first discovered in S. cerevisiae for their role in cell septation (Gladfelter et al., 2001) . These GTPbinding proteins assemble into filaments that attach to the inner surface of the plasma membrane and are now known to play key roles in cytokinesis, cell polarization, and membrane remodeling . The septins are highly conserved in many other eukaryotes, such as fungi and animals, but are not found in plants and certain protozoans. Septin localization in buds and hyphae: Septins are important for morphogenesis, and they have emerged as very useful landmarks for studying the progression of the cell cycle in S. cerevisiae, C. albicans, and other fungi (McMurray and Thorner, 2009; Gladfelter, 2010) . Some of the major stages of septin localization during the C. albicans cell cycle are shown in Fig. 2A . Similar to the pioneering studies of septins carried out in S. cerevisiae, one of the earliest events in the C. albicans cell cycle is that a patch of septins in the plasma membrane develop into a ring about 15 min prior to bud emergence. The growing bud then forms through the septin ring. As the bud develops the septin ring undergoes a transition into a more extended hourglass configuration, and the nuclear DNA divides across the septin ring when cells undergo mitosis. After completion of mitosis, the septin architecture undergoes a dramatic change into a double ring structure, cytokinesis occurs between the rings, and then the septins disperse as the bud separates from the mother cell. Septin rings also form at sites of cytokinesis during C. albicans hyphal growth (Fig. 2B) (Sudbery, 2001; Warenda and Konopka, 2002; Martin and Konopka, 2004b) . Septins initially associate with the growing hyphal tip, and then form a ring that remains at a fixed position and does not move with the elongating hyphal tip. Mitosis then takes place across the septin ring. Subsequently, the septins split into a double ring formation and cytokinesis occurs in between the rings. Interestingly, the septin rings do not quickly disassemble on the mother cell side of the hyphae as they do in budding cells. This likely occurs because the mother cell is delayed in reentering the cell cycle (Veses et al., 2009 ). The mother cell vacuole swells up to deliver cellular constituents to mediate rapid tip growth, so there is a delay before the mother cell regenerates and delivers a signal to disassemble septins and start a new cell cycle. Septin filament formation: The ability of septins to form 10 nm filaments has been well studied in S. cerevisiae, which encodes five mitotic septins, Cdc3, Cdc10, Cdc11, Cdc12, and Shs1/Sep7. An octomer model has been proposed in which eight septin subunits are organized in the order shown in Fig. 2C (McMurray and Thorner, 2009) . Two octomers associate in parallel via their coiled-coil domains in the septin C-terminal tails, except for Cdc10 which lacks this domain. The upper octomer shown in Fig. 2C is labeled to indicate whether the septin monomers associate via their GTP-binding domains (G interface) or if the interface involves the Nand C-termini of the septin protein (NC interface). These structural predictions for septin interaction were greatly aided by the crystal structure of a human SEPT2-SPET6-SEPT7 complex (Sirajuddin et al., 2007) . Septins function as scaffolds and barriers: One key function of the septins is to act as a scaffold or framework for recruiting proteins to the bud neck. About 60 different proteins have been identified to localize to the bud neck in a septindependent manner in S. cerevisiae, although only a few have been shown to bind directly to septin proteins Bridges and Gladfelter, 2015) . In addition to septum formation, the proteins recruited to the bud neck are involved in a variety of processes. This includes the Bud proteins that act to select the future site of bud emergence, Bni4 that recruits chitin synthase to form a chitin ring at the future bud site, Swe1 that acts in a cell cycle checkpoint, and proteins involved in sensing spindle orientation (Cid et al., 2002 ; Merlini and Piatti, 2011; Oh and Bi, 2011) .
Septins also act as barriers to diffusion in the plasma membrane. One way they do this is to prevent proteins in the bud from diffusing back into the mother cell (Barral et al., 2000; Takizawa et al., 2000) . This is important for maintaining polarized growth in the bud. Septins also act as a barrier at the mother bud neck to prevent the cortical ER from leaving the mother cell and entering the bud. As described further below, the Scs2 protein present in the ER binds to the Shs1 septin and prevents the ER from crossing the septin ring to enter the bud . A second way the septins act as a barrier is to restrict cell wall deposition during cytokinesis (Dobbelaere and Barral, 2004) . The septins form a double ring at the bud neck late in the cell cycle that restricts diffusion of the components that mediate synthesis of the septum. For example, the polarisome, the exocyst subunit Sec3, chitin synthase II, and the actomyosin ring become trapped between the septin rings to help restrict formation of the septum to this region (Oh and Bi, 2011; Bridges and Gladfelter, 2015) . With further progression of cytokinesis, the actomyosin ring contracts, and secretory vesicles fuse to create the septum. Septins play key roles in C. albicans hyphal morphogenesis: C. albicans septins play special roles in forming elongated hyphal cells that are capable of invasive growth into tissues in vivo (Sudbery, 2011) . Septins have also been implicated in formation of chlamydospores, which are large thick-walled cells that form at the ends of filamentous hyphal cells (Martin et al., 2005) . These results indicate that septins are important for more than just cytokinesis. For example, the cdc10Δ and cdc11Δ mutants developed abnormally curved hyphal filaments, indicating a role guiding polarized tip growth that is perhaps mediated by a patch of septins at the leading edge of hyphal growth (Warenda and Konopka, 2002; Blankenship et al., 2014) . The cdc10Δ, cdc11Δ, and a cdc12-6 ts mutant were also found to have defects in selecting a site for the emergence of germ tubes that are the initial outgrowths that turn into hyphae. Usually mother cells form a second germ tube at a site distal to the first. However, septin mutants often form a second germ tube adjacent to the first, which would limit the ability to disseminate the infection by sending out a hypha in a new direction (Warenda and Konopka, 2002; Li et al., 2012) . Consistent with this, there is a patch of septins at the neck of the mother cell and germ tube that does not correspond to a site of cytokinesis, suggesting it acts as a barrier to prevent formation of a second germ tube nearby (Sudbery, 2001; Warenda and Konopka, 2002) . Septin mutants are also defective in invasive growth in a mouse model of candidiasis (Warenda et al., 2003) . The special roles of septins during hyphal morphogenesis have also led to the discovery of new types of septin regulation. For example, the ability of cytoplasmic septin subunits to exchange with those in septin filaments appears to be distinct in hyphal cells (Gonzalez-Novo et al., 2008) . Also, the Sep7 septin appears to play a special role in preventing cytokinesis from occurring in the elongating hyphae so that elongated multicellular chains of filamentous cells can form (Gonzalez-Novo et al., 2008) . There are also different mechanisms used by protein kinases to regulate septins during hyphal growth, including a role for cyclin-dependent kinases in regulating Cdc11 (Sinha et al., 2007; Wang, 2009 ).
ER-Plasma membrane contact sites
Sites of direct contact between the ER and plasma membrane create another type of specialized membrane domain that greatly influences the architecture and function of the plasma membrane (Fig. 3A) . Although the ER is best known for its role in mediating the early stages of the secretory pathway, the ER also forms sites of direct contact with the plasma membrane, mitochondria, and other membrane bound organelles Henne et al., 2015) . This is an understudied area in C. albicans, so most of what is known comes from studies on S. cerevisiae and mammalian cells. The plasma membrane associated ER is often called the cortical ER to distinguish it from the ER extending through the cytoplasm or the perinuclear ER. These cortical ER contact sites with the plasma membrane have significant influence, as EM studies with S. cerevisiae have indicated the ER covers 20-40% of the plasma membrane (Schuck et al., 2009; West et al., 2011) , and live cell studies with fluorescently tagged ER proteins suggest that about 65% of the plasma membrane is covered by ER (Stradalova et al., 2012) . Three types of proteins participate in forming ER-plasma membrane contact sites in S. cerevisiae (Fig. 3B) . One class of proteins includes the tricalbans (Tcb1, Tcb2, Tcb3) that contain an N-terminal domain that inserts into the outer leaflet of the ER and a C-terminal domain that binds to lipids in the plasma membrane via multiple C2 domains. A second type of protein, Ist2, has multiple transmembrane domains that anchor it in the ER, and a C-terminal region rich in basic amino acids that bind to acidic lipids in the plasma membrane. The third type of protein is represented by Scs2, which has a transmembrane domain that anchors it in the ER and an N-terminal MSP domain that binds to the plasma membrane. Scs2 has also been shown to play a key role in restricting ER to the mother cell during bud morphogenesis by interacting with the septin ring at the bud neck (Chao et ., 2014; Wong et al., 2014) . The ER is in very close apposition to the plasma membrane at these sites, as they are about 33 nM apart (Pichler et al., 2001; Schuck et al., 2009) . This suggested that the cortical ER acts as a barrier that blocks access of cytoplasmic components to the plasma membrane. Consistent with this the ER-plasma membrane contact sites lack ribosomes, and secretion and endocytosis do not occur at these sites (Stradalova et al., 2012) . Although the cortical ER covers a significant portion of the plasma membrane, live cell imaging revealed significant movement over a 20 sec time course, indicating that most areas of the plasma membrane eventually get exposed to the cytoplasm (Stradalova et al., 2012) . One exception was that eisosomes were not observed to be covered by ER (Stradalova et al., 2012) . It was suggested that the membrane furrows projecting inward may disrupt the formation of the ER-plasma membrane contact sites. The sites of ER-plasma membrane contact are thought to play important roles in lipid synthesis and the homeostasis of ions and lipids (Henne et al., 2015) . ER-plasma membrane contact sites represent a way to transfer lipids, proteins, and signals directly from the ER to the plasma membrane, thereby bypassing the need to flow through the Golgi and secretory vesicles. For example, synthesis of sphingolipids and phospholipids is thought to occur at these sites (Pichler et al., 2001; Tavassoli et al., 2013; Henne et al., 2015) . Another example is that the Sac1 lipid phosphatase is anchored in the ER but acts on the plasma membrane. Sac1 dephosphorylates phosphatidyl inositol phosphate (PI4P), thereby depleting this lipid and preventing it from being converted into the important regulatory lipid PI4,5P2. As a result, mutants defective in forming ER-plasma membrane contact sites have higher levels of PI4P, similar to mutants lacking Sac1 (Manford et al., 2012) . Sac1 also acts in concert with Osh6 to promote non-vesicular trafficking of phosphatidylserine from its site of synthesis in the ER to the plasma membrane. Osh6 binds phosphatidylserine in the ER and then transports it to the plasma membrane. At the plasma membrane, Osh6 then exchanges phosphatidylserine for PI 4 P, which it then transports to the ER. In this case, Sac1 is thought to primarily dephosphorylate PI 4 P in the ER to create a gradient of PI4P at the ER-plasma membrane interface that drives the transport of phosphatidylserine to the plasma membrane (Maeda et al., 2013; Moser von Filseck et al., 2015) . A sac1Δ mutant in C. albicans is very defective in cell wall integrity and virulence (Zhang et al., 2015) .
Dynamic zones in the plasma membrane

Sites of secretion -the exocyst complex
The transport of secretory vesicles to specific sites in the plasma membrane is essential for lipid homeostasis, polarized growth, and secretion of proteins, including many that are involved in virulence. The stages of the secretory pathway have been mapped out in S. cerevisiae, including a series of landmark studies by Randy Scheckman who was awarded a Nobel Prize in 2013 for his contributions to defining the secretory pathway (Bonifacino, 2014) . Only a brief overview of this complex process will be presented here, as there have been several recent reviews on the different stages of secretion that involve insertion of material into the ER, vesicle trafficking from the ER to the Golgi complex, and finally the delivery to the plasma membrane (Munson and Novick, 2006; Heider and Munson, 2012) .
After mature secretory vesicles are released from the Golgi network, a complex of proteins known as the exocyst mediates the delivery of the vesicles to appropriate target sites in the plasma membrane. The vesicles are efficiently directed along actin cables to the plasma membrane by the myosin-V motor protein, Myo2p. Upon delivery to the target site, the exocyst tethers the vesicle to the membrane, as SNARE proteins mediate fusion (Munson and Novick, 2006; Heider and Munson, 2012; Luo et al., 2014; Donovan and Bretscher, 2015) . The exocyst is a conserved complex comprised of eight subunits that was first identified in S. cerevisiae (Fig. 4) . The subunits include Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84 (Heider and Munson, 2012) . Sec3 and a portion of Exo70 are recruited to the plasma membrane independently, whereas the other subunits traffic together with secretory vesicles to the plasma membrane.
Sec3 and Exo70 serve as key landmarks that create a special domain, since they arrive in the plasma membrane first. Both of these proteins associate with the plasma membrane in part by interacting with PI4,5P2; Sec3 through a Pleckstrin Homology domain, and Exo70 through several binding sites in its C-terminal region (Pleskot et al., 2015) . Small GTPases are also needed to recruit Sec3 and Exo70 to the target site, including Rho1, Rho3, and Cdc42 Zhang et al., 2001; Munson and Novick, 2006) . The other exocyst proteins are loaded onto secretory vesi- Proteins that mediate endocytosis are recruited to plasma membrane in a defined order. An early coat complex forms with cargo proteins, clathrin and the AP2 complex to initiate the process. The subsequent intermediates form with the recruitment of the indicated proteins. The process culminates with the scission phase that releases an endocytic vesicle.
cles in a manner that is initiated by the Sec4 GTPase, which is regulated by its guanine nucleotide exchange factor Sec2. Sec4-GTP promotes association with Sec15, and thereby subsequent recruitment of the other exocyst components. Sec4 GTPase activity is further thought to mediate assembly of the exocyst complex, whose architecture creates a "Y-shape" that facilitates its tethering function (Heider and Munson, 2012; Luo et al., 2014) . Studies of the exocyst in C. albicans have confirmed its key role in secretion, and also revealed some specialized functions during hyphal growth. Interestingly, Sec3 was not needed for the initial polarized growth to start a hyphae (germ tube formation), but was needed to maintain polarized hyphal growth . The Sec3-dependent phase started after the septin ring formed, indicating an interaction between exocyst domains and septins. Another interesting aspect is that efficient hyphal extension requires constitutive phosphorylation of Exo84 throughout mitosis by Cdk1 in complex with the hyphal-specific cyclin Hgc1 (Zheng and Wang, 2004; Caballero-Lima and Sudbery, 2014) . This contrasts with regulation of Exo84 in S. cerevisiae, in which phosphorylation of the exocyst component Exo84 by Cdk1-Clb2 during mitosis causes the exocyst to disassemble. Other studies have shown that Sec6 and Sec15 have distinct roles in mediating polarized secretion and filamentation in C. albicans (Chavez-Dozal et al., 2015a , 2015b .
Sites of endocytosis in the plasma membrane
Endocytosis is critical for the turnover and homeostasis of lipids and proteins in the plasma membrane, and also for bringing substances into the cell (Kaksonen et al., 2005; Weinberg and Drubin, 2012; Goode et al., 2015) . This complex process occurs when the plasma membrane forms an invagination that pinches off to form a vesicle. The most well understood endocytic pathway is known as clathrin-mediated endocytosis. In S. cerevisiae, this pathway involves the recruitment of >50 proteins in a temporally ordered and hierarchial manner. The choreographed steps that mediate endocytosis include target protein recognition and clustering, membrane remodeling, and force-generating actin-filament assembly and turnover to drive membrane invagination and vesicle scission. Current models divide the endocytic process into several modules; the Early, the Coat, which includes early, intermediate, and late stages, the WASP/Myo, the Actin, and finally the Scission module (Fig. 5) . The Early module begins as a patch in the plasma membrane at a selected site that is away from the MCC/eisosomes, exocyst, and sites of ER contact. This site develops into the Early Coat module when a key component, clathrin, forms a lattice on the inner surface of the plasma membrane that begins the process of invaginating the membrane to develop a vesicle (Avinoam et al., 2015) . Another important Early Coat factor is the AP2 complex, which acts as an adaptor to recruit specific cargo proteins (Weinberg and Drubin, 2012) .
Additional proteins are recruited as the nascent endocytic domain transitions through an Intermediate Coat stage to the Late Coat stage (Fig. 5 ). These proteins have diverse roles in stabilizing the scaffold of proteins, binding the plasma membrane, and contacting the actin cytoskeleton (Skruzny et al., 2012) . Transition to the WASP/MYO module takes place with the recruitment of Las17, the WASP protein in yeast, which serves as the chief inducer of the Arp2/3 complex nucleation of actin filament polymerization. The type 1 myosin, Myo3p/Myo5p and its regulators also join the endocytic patch at this stage. The next major event is the arrival of actin and its accompanying factors to form the Actin module. Induction of the Arp2/3 complex by Las17p begins actin nucleation and polymerization, providing the driving force for membrane invagination (Weinberg and Drubin, 2012; Goode et al., 2015) . Actin patches in the cortical region of the plasma membrane are one of the hallmarks of sites of endocytosis in cell biology studies. The Scission phase then occurs to release the invagination as an endocytic vesicle. The BAR-domain proteins Rvs1p and Rvs167p are key players in this process as they promote membrane curvature at the neck that forms the scission site. Studies in C. albicans have confirmed that many of the orthologous proteins play important roles in endocytosis (Walther and Wendland, 2004; Oberholzer et al., 2006; Douglas et al., 2009; Borth et al., 2010; Epp et al., 2013) . Interestingly, a clathrin and Arp2,3-independent pathway for endocytosis was discovered in C. albicans, highlighting the complexity of this process (Epp et al., 2013) . Analysis of endocytosis mutants has also shown that they are defective in hyphal morphogenesis (Walther and Wendland, 2004; Oberholzer et al., 2006; Douglas et al., 2009; Borth et al., 2010; Epp et al., 2013) . This is likely due in part to a role for endocytosis in shaping hyphal tip growth that will be described further below (Jones and Sudbery, 2010) . In addition, it is also likely due to the interrelationship between actin function in both (Vernay et al., 2012) . This region also stains more strongly with the ergosterol binding agent filipin, indicating a change in ergosterol levels or increased accessibility of filipin (Martin and Konopka, 2004a) . The hyphal tip region is also enriched in polarisome and exocyst domains that mediate highly polarized growth. Note the presence of actin patches at a subapical region where they promote endocytosis to help maintain tip growth (Caballero-Lima et al., 2013) . Underlying the plasma membrane is a complex of vesicles termed the Spitzenkörper, which is thought to promote the rapid growth at the tip (Jones and Sudbery, 2010) . Actin filaments guide secretory vesicles to the hyphal tip. endocytosis and morphogenesis. Consistent with a key role for endocytosis in hyphal growth, the late coat complex protein Sla1 is differentially regulated by phosphorylation during budding and hyphal growth (Zeng et al., 2012) . The hyphal defect of C. albicans mutants lacking RVS161 and RVS167, which are defective in scission phase of endocytosis, correlated with reduced virulence in a mouse model of candidiasis and a defect in invasive growth in vivo (Douglas et al., 2009) .
Hyphal Tip -a region of rapid highly polarized growth
The rapidly growing tip of hyphal cells represents a special plasma membrane zone because it requires a high degree of coordination between expansion of the cell wall, organization of the cytoskeleton to guide targeted deposition of secretory vesicles, and endocytosis (Sudbery, 2011) . These processes must be tightly regulated to promote highly polarized hyphal growth. In addition, novel control mechanisms are needed, as hyphal cells can relocate the site of polarized growth in response to encountering physical barriers (thigmotropism), which is thought to be important for invasive growth (Brand et al., 2008) . That a higher degree of regulation is required to maintain filamentous hyphal growth is supported by analysis of a number of different mutants that can form buds efficiently, but are not capable of forming true hyphae. Some examples of the special forms of regulation that contribute to hyphal growth will be described below. Hyphal tip growth is mediated by many of the same pathways that regulate bud growth. For example, the small GTPase Cdc42 promotes polarized recruitment to the hyphal tip of polarisome components, including Spa2 and Bni1, which induce formation of actin filaments to guide the secretory vesicles to appropriate exocyst sites in the plasma membrane (Sudbery, 2011) . However, one difference is that a special hyphal-specific cyclin (Hgc1) is needed to direct cyclin dependent kinase activity toward substrate proteins at the hyphal tip that regulate polarized growth (Zheng and Wang, 2004; Zheng et al., 2007; Wang, 2009; Bishop et al., 2010; Caballero-Lima and Sudbery, 2014) . Hgc1-CDK kinase phosphorylates the Rga2 GTPase activating protein that regulates Cdc42, thereby preventing Rga2 from localizing at hyphal tips and resulting in maintenance of strong Cdc42 activity at the tip . Other roles for Hgc1-CDK include phosphorylation of Sec2, a guanyl-nucleotide exchange factor (GEF) for the small G-protein Sec4 that promotes polarized delivery of secretory vesicles (Bishop et al., 2010) , phosphorylation of the Exo84 subunit of the exocyst complex (CaballeroLima and Sudbery, 2014) , and phosphorylation of septin proteins (Sinha et al., 2007) . A major difference between bud and hyphal growth is that a zone enriched in membrane vesicles termed the Spitzenkörper lies underneath the hyphal tip (Fig. 6) . The Spitzenkörper is thought to provide a steady supply of new material to maintain rapid growth at hyphal tips (Crampin et al., 2005) . The Spitzenkörper was first discovered in filamentous fungi, which have a similar challenge of needing a special mechanism to deliver a constant supply of new vesicles along the length of the cell to promote rapid tip growth. In contrast, the Spitzenkörper has not been observed in budding cells that switch to isotropic growth and do not require such an extended form of vesicle trafficking along the length of filamentous growth.
Polarization of lipids also occurs at hyphal tips and is thought to help reinforce the recruitment of morphogenesis proteins to this region. Hyphal tips were found to stain with filipin, a fluorescent ergosterol-binding compound, suggesting that this zone is enriched in ergosterol (Martin and Konopka, 2004a; Alvarez et al., 2007) . However, it has also been suggested that increased filipin staining could indicate that the lipid environment is changed in other ways that promote better access of filipin (Jin et al., 2008) . Either way, these results indicate that there is a special lipid zone at hyphal tips. More recent studies have shown that phosphatidylinositol lipids are enriched at hyphal tips. A Pleckstrin Homology (PH) domain fused to GFP that binds to the phosphatidyl bisphosphate PI4,5P2 was found to be highly enriched at hyphal tips (Vernay et al., 2012) . PI 4,5 P 2 is known to promote polarized cell growth by recruiting morphogenesis proteins to the plasma membrane. PI 4 P, which is involved in vesicle trafficking and membrane dynamics, is also enriched at hyphal tips (Ghugtyal et al., 2015) . In addition, regulation of sphingolipid synthesis plays an important role as cells lacking the Lag1 ceramide synthase, which are defective in forming inositol-containing sphingolipids, fail to form hyphae (Cheon et al., 2012) .
Coordination between zones of exocytosis and endocytosis at hyphal tips is also important for polarized growth. While the polarisome and exocyst components are located in a crescent at the apex of the hyphal tip, the sites of endocytosis occur at a slightly subapical zone (Jones and Sudbery, 2010) . This was detected because actin patches, which mark sites of endocytosis, are clustered in the subapical zone. Molecular modeling indicates that this orientation of sites of exocytosis and endocytosis helps to promote polarized hyphal tip growth (Caballero-Lima et al., 2013).
Other domains in the plasma membrane
The special zones and domains described above represent only a subset of the organized architecture of the plasma membrane. Studies with S. cerevisiae have identified other membrane microdomains within the MCP that are likely to exist in C. albicans and other fungi. One example of this is the Target of Rapamycin Complex 2 (TORC2), which forms patches within the plasma membrane. This complex contains the conserved Target of Rapamycin (TOR) kinase, which regulates actin polymerization, cell polarity, and ceramide synthesis (Berchtold and Walther, 2009 ). TORC2 forms patches in the plasma membrane that are mobile and spatially distinct from the MCC/eisosomes. Patchy localization in the plasma membrane that is independent of actin and eisosomes has also been detected for the Stt4 lipid kinase that generates PI4P and the Mss4 kinase that generates PI 4,5 P 2 , and the two kinase complexes show very little colocalization (Audhya and Emr, 2002; Baird et al., 2008) . Proteins involved in sensing extracellular pH (Rim9, Dfg16, and Rim21) were similarly found in patches that were independent of eisosomes (Obara et al., 2012) . Although the role of clustering these proteins into patches is not clear, it is significant that the proteins in these complexes are important for viability or virulence of C. albicans (Davis, 2009; Ghugtyal et al., 2015) . To examine the complexity of plasma membrane protein organization in S. cerevisiae, a study was carried out in which 46 plasma membrane proteins were tagged with fluorescent proteins and analyzed by TIRF microscopy (Spira et al., 2012; Schuberth and Wedlich-Soldner, 2015) . Interestingly, the proteins appeared in a range of patterns from punctate patches to large networks. Most of these proteins did not overlap, even if they showed a similar degree of patchiness in the plasma membrane. For integral membrane proteins, analysis of chimeric proteins indicated that the transmembrane segments confer specificity for how a specific protein is targeted to a specific subdomain. Further studies will be needed to determine the role of protein segregation in plasma membrane function.
Summary
Organization of the plasma membrane into different domains helps to coordinate the diverse functions carried out by this organelle that are needed for C. albicans virulence. Recent findings, such as discovery of MCC/eisosomes and new roles for septins, indicate that there is still much more to be learned about plasma membrane architecture and its role in fungal pathogenesis. Further studies will not only be necessary for providing a better understanding of the mechanisms of plasma membrane function, they will also be key for developing new therapeutic approaches for treating C. albicans. The importance of the plasma membrane makes it a promising target for the development of novel therapeutic drugs. Furthermore, new insights into plasma membrane function will help to better understand the mechanism of antifungal drugs, since the most commonly used drugs target the plasma membrane (e.g. Amphotericin, Fluconazole, Caspofungin) (Odds et al., 2003) . Research on the plasma membrane is also expected to reveal new insights into the mechanisms used by the immune system to attack C. albicans with complement and antimicrobial peptides. Future studies on C. albicans will therefore also have significance by providing an important model for defining the role of plasma membrane function in other fungal pathogens.
